Background: Hypertriglyceridemia (HTG) is a well-established independent risk factor for cardiovascular disease and the influence of several genetic variants in genes related with triglyceride (TG) metabolism has been described, including LPL, APOA5 and APOE. The combined analysis of these polymorphisms could produce clinically meaningful complementary information.
Background
The underlying determinants of individual susceptibility to cardiovascular disease (CVD) form a complex network of interactions between genetic and environmental risk factors, as a consequence of their multi-factorial nature [1] . Changes in triglyceride (TG) levels are now considered an independent cardiovascular risk factor [2, 3] ; hence, the study of combined variants in genes involved in TG metabolism may help explain part of the risk for CVD [4] .
The influence of LPL, APOA5 and APOE genes on TG metabolism is well established. These genes code for proteins which are simultaneously present during the lipolysis of the TG core of circulating chylomicrons and VLDL. Lipoprotein lipase is the major TG-hydrolyzing enzyme [5] , apolipoprotein AV has emerged as a regulator of TG levels by improving lipolysis efficiency [6] [7] [8] and apolipoprotein E, in addition to its critical role in receptor-mediated remnant clearance (liver uptake of TG-rich lipoproteins), is directly involved in lipolysis [9, 10] .
Numerous sequence variants have been described in all three of these genes. In LPL, D9N and N291S induce amino acid changes leading to lower post-heparin plasma LPL activity, affecting enzyme secretion or destabilizing homodimer complex formation, respectively. Both polymorphisms have been associated with increased plasma TG concentrations and with ischemic heart disease [11, 12] . Inversely, the HindIII variant, which seems to be located within a regulatory element in intron 8 of the LPL gene [13] , has been related with a protective effect [14] . Moreover, the nonsense polymorphism S447X has been associated with a gain of activity because of the premature truncation of the enzyme [15] . Consequently, it has also been related with lower fasting TG levels [14] and, very recently, with a favourable influence on the longitudinal changes of these levels [16] . The most informative polymorphisms within the APOA5 gene are the S19W missense polymorphism and the -1131T/C promoter variant, which define the initially described APOA5 haplotypes [17] . Both these polymorphisms have been associated with changes in TG levels in many populations, even with severe hypertriglyceridemia (HTG), as well as with CVD [18] . Genetic associations between the common APOE gene alleles, ε2, ε3 and ε4, and susceptibility to CVD and changes in cholesterol levels have been well replicated; however, disagreement still exists concerning APOE polymorphism and changes in TG concentrations [19] .
The effects of each common variant involved in the expression of a multi-factorial trait are assumed to be modest and depend, at least in part, on differences in the environmental and the genetic context within the variants analyzed [20] . Therefore, the joint analysis of common functional variants of these genes, which have so far only been studied separately in many populations, might be important to better explain changes in TG levels.
We therefore determined the allele frequencies of four LPL variants (HindIII, S447X, D9N and N291S), two APOA5 variants (S19W and -1131T/C) and the APOE polymorphism (alleles ε2, ε3, ε4) in a large Mediterranean working population and assessed their combined effect on TG levels. Additionally, we studied the association between the presence of variant combinations (TG-lowering or TG-raising, or both) and TG levels and HTG.
Methods

Subjects
This work forms part of Ibermutuamur's Cardiovascular Risk Prevention Project [21, 22] in which Spanish active workers, insured by this mutual insurance fund, were screened for cardiovascular risk factors at their annual medical check-up (MCU). The study conformed to the current Helsinki declaration and was reviewed and approved by Ibermutuamur's scientific Ethics Committee. The data presented here correspond to 1825 workers (1460 men and 365 women) from Malaga, a city on the Mediterranean coast of southern Spain, who attended for their routine MCU between 2004 and 2005 and gave written informed consent to participation in the study. The exclusion criteria were to be on sick leave and not signing the informed consent.
All the participants provided information about their date of birth, gender, profession, medication, smoking and alcohol consumption. Data on risk factors (diabetes, hypertension and cardiovascular diseases) were captured by medical record assessment following previously defined criteria [21] . The MCU included data on weight, height, waist circumference and blood pressure, as described [21] . Biochemical analyses were made from 12hour fasting serum samples in Ibermutuamur's reference laboratories, using standard protocols. Participants were considered to be smokers if they smoked at the time of data collection or had quit smoking less than one year before. Regarding alcohol consumption, they were categorized as daily users versus occasional or non users. HTG was considered to be present if the fasting serum triglycerides ≥ 1.69 mmol/L [23] .
DNA extraction and genotyping
Genomic DNA was isolated from frozen EDTA whole blood using a BioRobot ® EZ1 (QIAGEN, Hilden, Germany) with the corresponding reagents. All PCR reactions needed for genotyping were carried out in a thermal cycler iCycler iQ™ (BioRad, California, USA). APOE (rs429358, rs7412) and HindIII (rs320) genotypes were determined by PCR and restriction fragment analysis using the iQ™ SYBR Green Supermix. The APOE amplification products were digested with HhaI following the manufacturer's instructions (Takara, Japan) and the resulting fragments separated on 4% agarose gel. Fragments corresponding to samples initially genotyped as ε2 carriers were also separated on 8% polyacrylamide gels to clearly distinguish between ε2ε2 and ε2ε3 genotypes. The digestion products obtained for the HindIII polymorphism were separated on 3.5% agarose gels. LPL (S447X -rs328-, N291S -rs268-and D9N -rs1801177-) and APOA5 (S19W -rs3135506-and -1131T/C -rs662799-) variants were determined by TaqMan assays using the iQ™ Supermix and the allele discrimination mode of the iQ™ soft-ware. The primer and probe sequences as well as the thermal protocols used in the PCR reactions are presented in the Additional file 1. The quality of genotyping was controlled using DNA samples of known genotypes, retyping those samples with an ambiguous band pattern on the same assay (for APOE and HindIII polymorphisms) and those with no interpretable optical PCR data (TaqMan assays) using PCR and restriction, and duplicating genotypes in 10% of randomly selected samples. The genotype error rate was estimated to be <1%.
Statistical analyses
The statistical analyses were done using SPSS, version 14.0 for Windows and R [24] . A p value < 0.05 was considered statistically significant. Allele frequencies were calculated by direct counting. The SNPassoc package from R [25] was used to obtain the exact p values to verify Hardy-Weinberg equilibrium, to obtain measures of linkage disequilibrium and to check the validity of classifying individuals as carriers (heterozygous and homozygous for the minor allele) or non-carriers (homozygous for the frequent alleles) of each genetic variant that implies dominance between alleles. The TG variable was logtransformed to improve normality. The results were finally expressed in the original scale, after exponentiation of the adjusted least-square means, as geometric means and the corresponding asymmetric 95% confidence intervals. The ANOVA or the Student t tests were used to compare log-TG means between groups. Differences between genders were assessed using the Student t test to compare means of continuous variables, the Mann-Whitney U test to compare ordinal variables and the χ 2 test to compare percentages. When the expected values in more than 20% of cells were less than 5, Fisher's exact test was applied. A multivariate linear regression model with dummy variables for categorical terms was elaborated to test the null hypothesis of no association between each genetic variant assessed and log-TG, adjusting for the covariates: gender, age, waist circumference, blood glucose, blood pressure, smoking and alcohol consumption. Because of this logarithmic transformation, B coefficients associated with variant effects were multiplicative. We assessed, one at time, the significance of the two-factor interaction terms between variants. The critical p value after Bonferroni correction for multiple comparisons was 0.003. Logistic regression models were constructed to calculate the odds ratios for developing HTG associated with the presence of TG-lowering or TG-raising variants with respect to having no altering alleles (homozygous for the frequent alleles), adjusting for covariates. Standard regression diagnostic methods such as multicolinearity tests, the homogeneity of variance test and normal plots of the residuals were used to ensure the appropriateness of the models.
Results
The main features of the study population are shown in Table 1 . As found in the whole ICARIA study [21] , men represented the majority of subjects (80%) and differed from women in the main biochemical and clinical variables analyzed. The prevalence of HTG (TG ≥ 1.69 mmol/ L) was 22.8% (26.9% in men, 6.6% in women); only one man had TG > 11.29 mmol/L.
Allele frequencies
All subjects were genotyped for the polymorphisms summarized in the text. Table 2 shows the genotype distribution and allele frequencies. Our population was in Hardy-Weinberg equilibrium for all variants analyzed. The highest frequencies of the rare variants of polymorphisms corresponded to the LPL-HindIII H-allele (29%) and to LPL-447X (12%) and the lowest frequencies to the LPL-9N (1.6%) and 291S (1.5%) alleles. The two APOA5 variants had similar allele frequencies (19W, 6.8%; -1131C, 6.2%) and the APOE alleles were, from the most to least frequent, ε3, ε4 and ε2, respectively. We found a strong linkage disequilibrium between the LPL-HindIII and S447X polymorphisms (D'= 0.984, r 2 = 0.308, P < 0.0001). Table 3 shows TG geometric means and 95% confidence intervals (CI) according to the genotypes of the polymorphisms analyzed. These results confirm the lowering effect on TG levels of LPL-HindIII and S447X polymorphisms. In contrast, the presence of LPL-D9N, and the APOA5 -S19W and -1131T/C variants was associated with higher TG concentrations. Carriers of the LPL-N291S polymorphism showed a non-significant trend for higher levels of TG than non-carriers. Moreover, significant differences were also seen in TG levels between the APOE genotypes.
Associations between gene variants and TG levels
To elaborate the linear regression model, subjects were classified as carriers and non-carriers of the rare allele. In the case of APOE polymorphism, we grouped individuals as ε4 carriers (ε4ε4, ε3ε4 and ε2ε4) versus non-carriers and ε2 carriers (ε2ε2, ε2ε3 and ε2ε4) versus non-carriers. The ε4 carriers showed significantly higher TG levels (geometric mean 1.24 mmol/L; 95% CI: 1.16-1.32) than non-carriers (geometric mean 1.11 mg/dL; 95% CI: 1.06-1.13; P = 0.001). However, the ε2 carriers showed no significant differences in TG levels as compared with noncarriers. Similar results were obtained after excluding ε2ε4 subjects.
In order to avoid co-linearity in regression analyses, individuals with the LPL-HindIII and S447X polymorphisms were classified into three groups: 1) those who did not carry either HindIII or S447X (no protective variant), 2) carriers of either HindIII or S447X (one protective variant) and 3) carriers of both polymorphisms (two pro-tective variants). The genotypes included in each group as well as their corresponding TG geometric means and the 95% confidence intervals are specified in Table 4 . As can be seen, 99% of the subjects with one protective variant were carriers of the HindIII H-rare allele but not the 447X.
As shown in Table 5 , after adjustment for the covariates (gender, age, waist circumference, blood glucose, blood pressure, smoking and alcohol use) the multiple regression model confirmed a significant TG-lowering effect of combined polymorphisms previously considered protective (when dummy variables evaluating HindIII or S447X separately were introduced in the model both reached statistical significance). Moreover, in our population, the LPL-D9N and LPL-N291S, and the APOA5-S19W, APOA5-(-1131T/C) variants and the APOE-ε4 allele were significantly associated with an independent additive TG-raising effect. Of all the variants analyzed, only the APOE-ε2 allele was not associated with changes in TG levels.
As no significant heterogeneity of the effect of any variant was detected according to gender, the remainder of the analyses were done for the group as a whole. Moreover, the corresponding interaction terms between variants were all far from reaching statistical significance. 
Analysis of variant combinations
The joint analysis of the polymorphisms revealed the presence of 46 different variant combinations, shown in the Additional file 2. Taking into account the low frequency of some of these and considering that the linear regression model indicated an independent effect of the polymorphisms, the subjects were grouped according to the presence of TG-lowering (L) and/or TG-raising (R) variants, as follows: (Table 4 ), 99% of the subjects in groups (c) and (e) were carriers of the HindIII polymorphism. No significant association was found between any of the seven groups and waist circumference, glycaemia, blood pressure, age, gender, smoking or alcohol consumption. Figure 1 shows the differences in TG levels of the variant combinations with respect to the "no variant" group, considered as the reference group. The greatest differences corresponded to carriers of two protective variants, with a 10.2% reduction in the TG geometric mean, and to carriers of two or three TG-raising polymorphisms, with a 25.1% increase in TG. Regarding the odds ratios (OR) for HTG (Figure 2) , the presence of two TG-lowering polymorphisms was significantly associated with a protective effect (2L; OR = 0.62; 95% CI, 0.39-0.98, p = 0.042). Conversely, groups of single TG-raising variants (1R; OR = 1.20; 95% CI, 1.39-2.87, p < 0.001) or more than one TG-raising polymorphisms (2-3R; OR = 2.90; 95% CI, 1.56-5.41, p < 0.001) were significantly associated with HTG. This association disappeared in combinations with protective variants (non significant OR for groups "2L and R" and "1L and R").
Discussion
Our study describes for the first time the simultaneous analysis of the genetic variants HindIII, S447X, D9N and N291S (LPL), S19W and -1131T/C (APOA5) and the APOE polymorphism and their association with TG levels in a large, well-characterized Spanish Mediterranean population. The results clearly show an independent effect of the polymorphisms studied, TG-lowering in the Significant differences of ANOVA or the Student t test using log transformed variable ( 1 p < 0.001; 2 p = 0.043; 3 p = 0.080; 4 p = 0.005; 5 P = 0.012). case of HindIII and S447X and with a clear TG-raising effect in the case of the D9N, N291S, S19W and -1131T/ C variants and the APOε4 allele. Thus, combinations of lowering and/or raising polymorphisms showed a TG gradient below or above the TG levels of the reference (no variant) group. Moreover, the variant combination consisting of two lowering polymorphisms was protective against HTG, whereas having single or combined TGraising variants was independently associated with HTG. The frequency of carriers of LPL-D9N and N291S polymorphisms was around 3%, i.e., between the 1% and 7% described for healthy Caucasian persons [26, 27] , though no studies have, as far as we are aware, been carried out in Mediterranean populations of this size. We have only been able to find one Mediterranean study, that of Choumeriannou et al. [28] , which showed a similar frequency (3.6%) for the LPL-N291S variant in a group of 84 Greek patients with familial hypercholesterolaemia. We have found no population studies in our area with which to compare the frequency of the D9N polymorphism and the allele frequency data presented is therefore original for this variant. The minor allele frequencies of APOA5-S19W and -1131T/C variants (6.2% and 6.8%, respectively) were similar to those of Caucasians elsewhere [17, 29] and similar to those recently described in the Spanish EPIGEM population [30] . The protective LPL variants HindIII and S447X, and the APOE polymorphism have been studied in our country [14, 31] and were found to be within the range reported for other populations from southern Europe [32, 33] .
Our work confirms the associations found in previous studies between the gene variants studied and TG levels [12, 18, 27, 31] , though it is the first time they have been analyzed simultaneously and in a large population, thereby showing their individual independent effect.
Assuming a modest role of single polymorphisms as markers of complex diseases the study of variant combinations provides complementary information that could be clinically meaningful. Recent studies on genetic predisposition to CVD reinforce this idea as they show that certain polymorphism combinations, including variants in genes analyzed in our work, can predict CVD [4, 34] . Statistical analysis was performed excluding one subject with TG > 11.29 mmol/L and those taking lipid lowering drugs (n = 1731). R 2 of the model 0.30. 1 Multiplicative coefficient of the effect of each variant, obtained after undoing logarithmic transformation. 2 One protective variant or two protective variants versus reference (no protective variants). 3 Carriers of the minor allele (homozygous and heterozygous) versus reference (homozygous for the frequent allele) The results of our study show that the most favourable variant combination consisted of the presence of just TGlowering variants of LPL and the least favourable was the presence, with no protective alleles, of at least one TGraising variant. These results are in agreement with those of previous studies analyzing combinations of LPL variants [12] or combinations of LPL and APOC3 [14] . Additionally, our data suggest that the protective effect of HindIII and S447X is retained, not only versus the variants of LPL [12] but also versus those of APOA5 and APOE, which is a novel aspect of our study.
A recent report dealing with a Czech cohort forming part of the MONICA study [35] found that the raising effect of the APOA5 variants (-1131T/C or S19W) was significant in females but in males a non-significant trend was observed. Moreover, APOA5 did not affect plasma TG levels if the APOE-ε4 allele was present. Our results differ, as we clearly found an additive and independent effect of these variants of APOA5 and the other polymorphisms studied, with no heterogeneity according to gender. The lack of effect described by Hubacek et al is controversial, as previous results from the same group showed an increased frequency of the APOA5-19W*APOE-ε4 combination in persons with severe HTG as compared with a healthy population [36] . Sousa et al [37] have also described an interaction for the risk of developing severe HTG associated with the combination APOA5-1131C*APOE-ε2. In our study, however, we did not find a main TG-raising effect associated with the APOE-ε2 allele; conversely, this lack of association with TG levels has been described in other populations for the APOE-ε4 allele [38, 39] . On other hand, the higher TG levels seen by us in APOA5*APOE and other variant combinations were not significantly associated with an interaction effect. It is important to note the differences between these studies regarding their design (case-control, population-based,...) and in terms of the statistical approach (univariate or regression analyses, different covariates used,...), and there may also be situations of limited statistical power. Finally, a major consideration is that the differences in the environmental and genetic context of the populations studied may strongly influence the results obtained and thus explain the lack of concordance among these studies.
As expected, the presence of a TG-raising polymorphism, and even more so that of a combination of these variants, was associated with a greater likelihood of HTG, as Figure 2 clearly shows. Prior analyses by another group [38] have shown an increase in the OR with effect from two TG-raising variants, depending on the waist circumference; indeed, the effect was amplified when the number of TG-raising polymorphisms rose together with the presence of abdominal obesity. This contrasts with data from the present study, since the association with HTG with effect from one TG-raising variant was independent of waist circumference. The combined analysis of the TGlowering and TG-raising variants, which is original to this study, partly explains these differences, as the TG-lowering polymorphisms were not analysed in the study by Brisson et al. As can be seen in Figure 2 , the association of the TG-raising variants with HTG lost its significance, even with just one protective variant, i.e. with the LPL-HindIII intronic polymorphism. Therefore, our results reinforce the concept that this polymorphism has a modestly advantageous effect independent of the S447X variant (in linkage disequilibrium with it and classically considered functional) and highlight the importance of analyzing both protective variants.
Finally, the association of the APOA5 polymorphisms S19W and -1131T/C, and the APOE non-ε3 genotype with severe HTG has been recently reported [40] . This report also highlights the multiplicative effect in the value of the Odds Ratios for severe HTG of combinations of six TG-raising polymorphisms, always with one of the APOA5 variants. Unfortunately, despite the fact that our study population was large, the relatively small number of persons with TG-raising combinations and with HTG limits the statistical power to detect certain potential interactions between variants.
Although our study supports previous results from other groups and provides new findings with consistent results, certain limitations are involved. Firstly, it is obvious that the characteristics inherent to the study popula- tion (geographical area, age, state of health) condition the results obtained. Secondly, analysis of more variants in more genes as well as other environmental variables [41] , such as diet and physical activity, not assessed in our study might likely better explain variability in TG levels and the manifestation of HTG.
Conclusion
This work, carried out in a subpopulation of 1825 subjects of the ICARIA study, revealed an independent and additive effect of the polymorphisms HindIII, S447X, D9N and N291S of LPL, S19W and -1131T/C of APOA5 and the ε4 allele of APOE on TG levels. Combinations of TG-lowering (HindIII/S447X) and/or TG-raising variants (the other polymorphisms) were related to different TG levels and, as a consequence, some of these variant combinations were significantly associated with the absence (2 TG-lowering polymorphisms) or the presence (one or more TG-raising variants) of HTG. Because serum TG are markedly associated with vascular disease in the ICARIA population [3] , the follow-up of our cohort may shed light on the association between genetic variant combinations and new vascular disease.
